D-*cis*-diltiazem is commonly used clinically because of its useful cardio-protective properties. D-*cis*-diltiazem is usually thought of as an effective blocker of the Cav1.2 L-type calcium channel subtype (IC50s of ∼45 μM for Ca~v~1.2 L-type calcium channels, ∼326 μM for Ca~v~1.3 L-type calcium channels, and ∼92 μM for Ca~v~1.4 L-type calcium channels^[@i1552-5783-59-7-2999-b01][@i1552-5783-59-7-2999-b02][@i1552-5783-59-7-2999-b03][@i1552-5783-59-7-2999-b04]--[@i1552-5783-59-7-2999-b05]^).^[@i1552-5783-59-7-2999-b06]^ In 1999, d-*cis*-diltiazem was suggested to have neuroprotective properties in a mouse model of retinitis pigmentosa (RP).^[@i1552-5783-59-7-2999-b07]^ However, subsequent research produced contradictory results that either supported,^[@i1552-5783-59-7-2999-b08][@i1552-5783-59-7-2999-b09][@i1552-5783-59-7-2999-b10][@i1552-5783-59-7-2999-b11][@i1552-5783-59-7-2999-b12][@i1552-5783-59-7-2999-b13][@i1552-5783-59-7-2999-b14]--[@i1552-5783-59-7-2999-b15]^ or did not support,^[@i1552-5783-59-7-2999-b16][@i1552-5783-59-7-2999-b17][@i1552-5783-59-7-2999-b18][@i1552-5783-59-7-2999-b19][@i1552-5783-59-7-2999-b20]--[@i1552-5783-59-7-2999-b21]^ d-*cis*-diltiazem\'s ability to modify the course of rod degeneration. Most studies focused on d-*cis*-diltiazem\'s modification of disrupted calcium regulation in RP, and little attention was given to potential cross-linked factors, such as oxidative stress that can also trigger rod atrophy and contribute to RP morbidity.^[@i1552-5783-59-7-2999-b08][@i1552-5783-59-7-2999-b09][@i1552-5783-59-7-2999-b10][@i1552-5783-59-7-2999-b11][@i1552-5783-59-7-2999-b12][@i1552-5783-59-7-2999-b13][@i1552-5783-59-7-2999-b14]--[@i1552-5783-59-7-2999-b15],[@i1552-5783-59-7-2999-b22]^ Here, we step back from examining d-*cis*-diltiazem ex vivo and in the context of RP to examine instead its impact in healthy rod photoreceptor cells in vivo. Our rationale is that a noninvasive understanding of d-*cis*-diltiazem\'s actions in the absence of disease might provide new insights into d-*cis*-diltiazem\'s debatable outcomes in RP.

In the retina, Cav1.2 L-type calcium channels have been localized to the inner retina as measured by immunohistochemistry and also in vivo by d-*cis*-diltiazem--induced inhibition of the uptake of the L-type calcium channel probe manganese in 2- to 5-month C57BL/6 (B6) mice.^[@i1552-5783-59-7-2999-b01][@i1552-5783-59-7-2999-b02][@i1552-5783-59-7-2999-b03][@i1552-5783-59-7-2999-b04]--[@i1552-5783-59-7-2999-b05]^ Also, photoreceptors in the outer retina are responsive to d-*cis*-diltiazem, with the synaptic photoreceptor L-type voltage-gated Ca2+ channels identified as a target for d-*cis*-diltiazem based on ex vivo studies involving bovine, salamander, and porcine photoreceptors, or in mice that have retinas that degenerate.^[@i1552-5783-59-7-2999-b07],[@i1552-5783-59-7-2999-b10],[@i1552-5783-59-7-2999-b16],[@i1552-5783-59-7-2999-b23],[@i1552-5783-59-7-2999-b24]^ Yet, there has been uncertainty about these Cav1.2 L-type calcium channels in vivo in healthy murine outer retina, perhaps in part because rod Cav1.2 L-type calcium channels may be unconventional.^[@i1552-5783-59-7-2999-b03],[@i1552-5783-59-7-2999-b04],[@i1552-5783-59-7-2999-b10],[@i1552-5783-59-7-2999-b23],[@i1552-5783-59-7-2999-b25]^ In this study, we take advantage of magnetic resonance imaging\'s (MRI) robust ability to measure, noninvasively and without depth limitation, transretinal, and more specifically, rod cell subcompartment, uptake of manganese in vivo using manganese-enhanced MRI (MEMRI).^[@i1552-5783-59-7-2999-b26]^ MEMRI has been established since 2006 as the imaging modality of choice for studying retinal L-type calcium channel regulation in vivo.^[@i1552-5783-59-7-2999-b26],[@i1552-5783-59-7-2999-b27]^ MEMRI can directly address the above knowledge gap by following treatment in vivo with the dihydropyridine agonist BAY K 8644 K 8644 in B6 and mutant Cav1.2 L-type calcium channel dihydropyridine-insensitive B6 (Cav1.2dihydropyridine^−/−^) mice.^[@i1552-5783-59-7-2999-b28],[@i1552-5783-59-7-2999-b29]^

Oxidative stress is a pathogenic factor underlying photoreceptor degeneration in RP.^[@i1552-5783-59-7-2999-b30][@i1552-5783-59-7-2999-b31][@i1552-5783-59-7-2999-b32][@i1552-5783-59-7-2999-b33]--[@i1552-5783-59-7-2999-b34]^ Intriguingly, the redox environment can be modified by d-*cis*-diltiazem in nonretinal cell types.^[@i1552-5783-59-7-2999-b35][@i1552-5783-59-7-2999-b36][@i1552-5783-59-7-2999-b37][@i1552-5783-59-7-2999-b38][@i1552-5783-59-7-2999-b39]--[@i1552-5783-59-7-2999-b40]^ For example, in isolated hepatocytes and in intact liver, d-*cis*-diltiazem has shown antioxidant properties, whereas in testes and sperm cells, d-*cis*-diltiazem promotes excessive production of reactive oxygen species.^[@i1552-5783-59-7-2999-b35][@i1552-5783-59-7-2999-b36][@i1552-5783-59-7-2999-b37][@i1552-5783-59-7-2999-b38][@i1552-5783-59-7-2999-b39]--[@i1552-5783-59-7-2999-b40]^ It is not known if d-*cis*-diltiazem alters the redox status of the outer retina in vivo, but if so, this could be an important confounder not previously considered.

In this study, we take advantage of a MRI method that uniquely measures a snapshot of outer retinal excessive production of reactive oxygen species with high-spatial resolution in vivo.^[@i1552-5783-59-7-2999-b41][@i1552-5783-59-7-2999-b42]--[@i1552-5783-59-7-2999-b43]^ This approach takes advantage of the fact that free radicals are inherently paramagnetic so that excessive production of reactive oxygen species generates a paramagnetic contrast mechanism detectable on MRI by comparing 1/T1 with and without an antioxidant in different layers of the retina (QUEnch-assiSTed \[QUEST\] MRI).^[@i1552-5783-59-7-2999-b41][@i1552-5783-59-7-2999-b42][@i1552-5783-59-7-2999-b43]--[@i1552-5783-59-7-2999-b44]^ QUEST MRI has been validated as a powerful, noninvasive, and graded measurement of excessive production of reactive oxygen species that does not involve injection of a contrast agent.^[@i1552-5783-59-7-2999-b41][@i1552-5783-59-7-2999-b42][@i1552-5783-59-7-2999-b43]--[@i1552-5783-59-7-2999-b44]^ Here, healthy mice were studied at different times after d-*cis*-diltiazem treatment and the administration of either saline or a drug combination that reduces excessive production of reactive oxygen species (methylene blue \[MB\] and α-lipoic acid \[ALA\]). MB and ALA are two Food and Drug Administration (FDA)-approved drugs with antioxidant properties that are useful for the QUEST MRI examination.^[@i1552-5783-59-7-2999-b42][@i1552-5783-59-7-2999-b43]--[@i1552-5783-59-7-2999-b44]^ In subgroups, gold-standard lucigenin superoxide measurements of whole retina were also performed. In addition, we assessed d-*cis*-diltiazem\'s impact on retinal thicknesses in vivo.

Materials and Methods {#s2}
=====================

All mice were treated in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and Institutional Animal and Care Use Committee (IACUC) authorization. Mice were housed and maintained in either full dark conditions, in 12:12-hour light-dark cycle laboratory lighting, or as described below. Mice were humanely euthanized by cervical dislocation followed by a bilateral pneumothorax, as detailed in our IACUC-approved protocol.

Optical coherence tomography (OCT) does not measure rod cell subcompartment L-type calcium channel function or excessive production of free radicals. Instead, we used MRI because its spatial resolution has been validated as sufficient to measure localized functional indices in different retinal layers.^[@i1552-5783-59-7-2999-b26],[@i1552-5783-59-7-2999-b41][@i1552-5783-59-7-2999-b42]--[@i1552-5783-59-7-2999-b43]^

Groups {#s2a}
------

The first knowledge gap was tested in the following two groups: (1) 2- to 3-month male C57BL/6 + BAY K 8644 (B6; Jackson Labs, Bar Harbor, ME, USA), and (2) 2- to 3-month male Cav1.2dihydropyridine^−/−^ mice + BAY K 8644 (on a B6 background; a kind gift of breeders by Jörg Striessnig, PhD) that contain a point mutation causing a specific loss-of-function only to manipulation by the dihydropyridine BAY K 8644.^[@i1552-5783-59-7-2999-b45],[@i1552-5783-59-7-2999-b46]^ Each group was treated with BAY K 8644 dissolved in dimethyl sulfoxide (bolus intraperitoneal, 8 mg/kg; Sigma-Aldrich Corp., St. Louis, MO, USA) approximately 4 hours before examination. It is appreciated that unambiguous immunostaining antibody for Cav1.3 is needed and, in part because the *Cacna1* gene can generate multiple CaV channels by alternative splicing, is not currently feasible.^[@i1552-5783-59-7-2999-b47]^ It is also appreciated that L-type channel knockout mice are problematic: globally knocking out Cav1.2 is fatal and other L-type calcium channel knockouts have known compensatory effects. For example, work from our lab and others find that knocking out Cav1.3 results in compensatory upregulation of Cav1.2.^[@i1552-5783-59-7-2999-b25],[@i1552-5783-59-7-2999-b48]^ Thus, the Cav1.2dihydropyridine^−/−^ mice were a reasonable option for in vivo testing of our hypothesis.

Testing of the second knowledge gap involved the following three groups: (1) dark and (2) light-adapted male 2- to 3-month oxidative stress--sensitive male B6, and (3) dark-adapted oxidative stress--resistant male 129S6/SvEvTac (S6; Taconic Biosciences, Hudson, NY, USA) mice.^[@i1552-5783-59-7-2999-b41]^ Each group was injected with d-*cis*-diltiazem dissolved in saline (bolus subcutenously, 30 mg/kg; ≥ 99% purity; D-2521; Sigma-Aldrich Corp.), and subgroups examined 45 minutes to 1 hour 15 minutes (i.e., ∼1 hour post), 1 hour 45 minutes to 2 hours 15 minutes (∼2 hours post), or 3 hours 45 minutes to 4 hours 15 minutes (∼4 hours post) after the injection.

Manganese-Enhanced MRI {#s2b}
----------------------

MEMRI was used to test the mice for the first part of the study. Mice were maintained in darkness overnight and then exposed to room light for 15 to 20 minutes before injection of BAY K 8644 and then MnCl~2~ (intraperitoneal injection, 66 mg MnCl~2~·4 H2O/kg) 30 minutes later. Light hyperpolarizes rod membranes keeping the membrane-bound L-type calcium channels in a closed state. Application of BAY K 8644 opens closed L-type calcium channels resulting in an increased manganese influx. After injections, mice were maintained in room light for another 3.5 to 4 hours. High-resolution MRI data were acquired on a 7T system (ClinScan, Bruker, Billerica, MA, USA) using a receive-only surface coil (1.0-cm diameter) centered on the left eye. In all groups, immediately before the MRI experiment, animals were anesthetized with urethane (36% solution intraperitoneally; 0.083 mL/20 g animal weight, prepared fresh daily; Sigma-Aldrich Corp.) and treated topically with 1% atropine to ensure dilation of the iris during light exposure followed by 2% lidocaine gel to reduce eye motion. MEMRI data were acquired using several single spin-echo sequences (time to echo 13 ms, 7 × 7 mm^2^, matrix size 160 × 320, slice thickness 600 μm). Images were acquired at different repetition times (TRs) in the following order (number per time between repetitions in parentheses): TR 0.15 seconds (6), 3.50 seconds (1), 1.00 seconds (2), 1.90 seconds (1), 0.35 seconds (4), 2.70 seconds (1), 0.25 seconds (5), and 0.50 seconds (3). To compensate for reduced signal--noise ratios at shorter TRs, progressively more images were collected as the TR decreased. The present resolution in the central retina is sufficient for extracting meaningful layer-specific anatomic and functional data, as previously discussed.^[@i1552-5783-59-7-2999-b26]^

QUEST MRI {#s2c}
---------

Mice used for testing the second part of the study were maintained in darkness for at least 16 hours before as well as during the MRI examination. In all groups, immediately before the MRI experiment, animals were anesthetized with urethane and handled as described above. High-resolution 1/T1 data were acquired using the same procedure as above.

QUEST T1 data sets were collected from mice given d-*cis*-diltiazem either 45 minutes to 1 hour 15 minutes (i.e., ∼1 hour post), 1 hour 45 minutes to 2 hours 15 minutes (∼2 hours post), or 3 hours 45 minutes to 4 hours 15 minutes (∼4 hours post) before QUEST examination. All mice were treated 24 hours prior to d-*cis*-diltiazem with 1 mg/kg MB (intraperitoneal, dissolved in saline) and then treated the next day approximately 1 hour before the second MRI examination with 50 mg/kg ALA (intraperitoneal, dissolved in saline and pH adjusted to ∼7.4). MB is an alternate electron transporter that effectively suppresses generation of superoxide from a variety of sources; ALA is a potent free-radical neutralizer.^[@i1552-5783-59-7-2999-b49],[@i1552-5783-59-7-2999-b50]^ Control mice were also given d-*cis*-diltiazem as above, but followed with two saline injections instead of MB and ALA.

Retinal Superoxide Production {#s2d}
-----------------------------

Subgroups of dark-adapted B6 and S6 mice were treated with d-*cis*-diltiazem approximately 4 hours before enucleation. These mice were maintained in darkness for at least 16 hours before euthanasia and retina removal. Superoxide production was measured on each retina using a standard lucigenin assay (bis-N-methylacridinium nitrate; Sigma-Aldrich Corp.).^[@i1552-5783-59-7-2999-b43]^

Optical Coherence Tomography {#s2e}
----------------------------

OCT (EnVisu R2200 VHR SDOIS OCT, Leica Microsystems, Wetzlar, Germany) was used to visualize retinal layer spacing in vivo in subgroups of mice (*n* = 2/group). Mice were anesthetized with urethane (36% solution intraperitoneally; 0.083 mL/20 g animal weight, prepared fresh daily; Sigma-Aldrich Corp.). One percent atropine sulfate was used to dilate the iris, and GenTeal (Novartis, Basel, Switzerland) was used to lubricate the eyes. OCT images were also used to visualize possible d-*cis*-diltiazem--evoked damage. Because representative OCT images are being compared with averaged MRI data, the location of two anatomic landmarks is approximate, and dashed vertical lines indicate key boundaries. Nonetheless, we have generated a body of work that confirms that aligning the vitreous--retina (0% depth) and retina--choroid (100% depth) borders of OCT and MRI images, as outlined in [Figure 1](#i1552-5783-59-7-2999-f01){ref-type="fig"}, reasonably matches structure with function.^[@i1552-5783-59-7-2999-b26]^

![Comparison of representative high spatial resolution T1-weighted MRI (left) and OCT (right) images. The retina shows a distinctive four-layer pattern (bright, dark, bright, dark) on MRI, as previously reported; the anatomic identity of each dark/bright band has not been fully characterized.^[@i1552-5783-59-7-2999-b110]^ The vitreous--retina and retina--choroid borders are well defined on both MRI and OCT, and thus these borders are used as the only fiduciary alignment regions for comparing MRI and OCT data in [Figures 2](#i1552-5783-59-7-2999-f02){ref-type="fig"} through [7](#i1552-5783-59-7-2999-f07){ref-type="fig"}; for clarity, the two borders are shown off-set from each other in the Figure. OCT layer assignments (GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, rod inner segment layer; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, rod outer segment layer) are as previously published.^[@i1552-5783-59-7-2999-b111]^](i1552-5783-59-7-2999-f01){#i1552-5783-59-7-2999-f01}

MRI Data Analysis {#s2f}
-----------------

For both MEMRI and QUEST data, each T1 data set of 23 images was first processed by registering (rigid body; STACKREG plugin, ImageJ; ImageJ software, <http://imagej.nih.gov/ij/>; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA) and then averaging images with the same TRs in order to generate a stack of eight images. These averaged images were then registered (rigid body) across TRs. Because of its lower signal-to-noise compared with MEMRI, only QUEST data were corrected for imperfect slice profile bias in the estimate of T1 as previously described.^[@i1552-5783-59-7-2999-b51]^ Briefly, normalizing to the shorter TR, some of the bias can be reduced giving a more precise estimate for T1. To achieve this normalization, we first apply a 3 × 3 Gaussian smoothing (performed 3 times) on only the TR 150-ms image to minimize noise and emphasize signal. The smoothed TR 150-ms image was then divided into the rest of the images in that T1 data set. Preliminary experiments (not shown) found that this procedure helps to minimize day-to-day variation in the 1/T1 profile previously noted and obviated the need for a "vanilla control" group used previously for correcting for day-to-day variations.^[@i1552-5783-59-7-2999-b42],[@i1552-5783-59-7-2999-b43]^ 1/T1 maps were calculated using the seven normalized images via fitting to a three-parameter T1 equation (y = a + b × (exp \[−c × TR\]), where a, b, and c are fitted parameters) on a pixel-by-pixel basis using R (v.2.9.0, R Development Core Team, 2009; R Foundation for Statistical Computing, Vienna, Austria) scripts developed in-house, and the minpack.lm package (v.1.1.1, Timur V. Elzhov and Katharine M. Mullen minpack.lm: R interface to the Levenberg-Marquardt nonlinear least-squares algorithm found in MINPACK. R package version 1.1--1).

In each mouse, retinal thicknesses (μm) were objectively determined using the "half-height method," wherein a border is determined via a computer algorithm based on the crossing point at the midpoint between the local minimum and maximum, as detailed elsewhere.^[@i1552-5783-59-7-2999-b52],[@i1552-5783-59-7-2999-b53]^ The distance between two neighboring crossing points, thus represents an objectively defined retinal thickness. One/T1 profiles in each mouse were then normalized with 0% depth at the presumptive vitreoretinal border and 100% depth at the presumptive retina--choroid border ([Fig. 1](#i1552-5783-59-7-2999-f01){ref-type="fig"}). The present resolution is sufficient for extracting meaningful layer-specific anatomic and functional data, as previously discussed ([Fig. 1](#i1552-5783-59-7-2999-f01){ref-type="fig"}).^[@i1552-5783-59-7-2999-b03],[@i1552-5783-59-7-2999-b54]^

Our usual analysis compared the averaged superior and inferior values from ±0.4 to 1 mm from the optic nerve head generated for each animal group. However, to better compare QUEST MRI data with that from the lucigenin assay (which evaluates the entire retina) we expanded our analysis to include more peripheral retinal regions (±0.4--1.4 mm from the optic nerve head). In addition, upon consultation with a biostatistician (RP), we found that the two sides behaved differently (not shown), so each side was analyzed separately.

Statistical Analysis {#s2g}
--------------------

Data are presented as mean ± SEM, and a significance level of 0.05 was used for all analyses. All of the outcomes (1/T1, retinal superoxide production, and MRI thickness) had repeated measures for each mouse. As such, we used mixed-linear models to analyze all of the outcomes, using the Kenward-Roger method for calculating degrees of freedom in SAS 9.4 (SAS Software, Cary, NC, USA). For the MRI profile data (1/T1), we used cubic splines to model and compare mouse-specific profiles between groups (SAS software). The number of "windows" with a relationship between 1/T1 and location (i.e., "knots") was initially evaluated separately for each group for any given analysis, and the Akaike and Schwarz Bayesian information criteria (AIC and BIC) were used to identify the model with the fewest knots needed to model all groups. Random coefficients for the intercept and the location-specific coefficients (cubic spline coefficients) were also evaluated using AIC and BIC. The model included the fixed effects of strain, antioxidant treatment, location-specific values for the cubic splines, and up to three-way interactions among the main effects. Higher-order interactions were removed from the model if they were not significant at the 0.05 level. To calculate a total antioxidant effect across the entire profile, we summed the predicted values for the appropriate interaction across all locations.

Retinal superoxide production was analyzed using a model that included the fixed effect of treatment, and the random effects of mouse within treatment and "shake" within mouse and treatment (each mouse\'s sample was shaken, measured three times, and the process repeated 3--4 times).

Thickness was analyzed using a mixed-linear model with the fixed effects of group and side (superior and inferior) and a random intercept for each mouse nested within group.

Results {#s3}
=======

Testing Mouse Rods for Cav1.2 L-Type Calcium Channels {#s3a}
-----------------------------------------------------

Manganese uptake in inferior retina (at 4%--60% retinal depth from the vitreous--retina boundary) and superior retina (at 24%--52% retinal depth) were less responsive (*P* \< 0.05) to systemic BAY K 8644 in Cav1.2dihydropyridine^−/−^ mice than in control B6 mice ([Fig. 2](#i1552-5783-59-7-2999-f02){ref-type="fig"}); a small region of superior retina at 72% to 80% depth into the retina was relatively more responsive (*P* \< 0.05) in mutant mice than controls. The regions from mutant mice with a subnormal BAY K 8644 response indicate the location of Cav1.2 L-type calcium channels; the relatively more responsive region may indicate compensatory overexpression of another L-type calcium channel in the outer retina (i.e., Cav1.3.^[@i1552-5783-59-7-2999-b06],[@i1552-5783-59-7-2999-b55]^). In addition, the retinal ganglion cell and inner plexiform layers of inferior retina of Cav1.2dihydropyridine^−/−^ mice were unresponsive to BAY K 8644, whereas this was not the case for superior retina ([Fig. 2](#i1552-5783-59-7-2999-f02){ref-type="fig"}).

![Cav1.2 L-type calcium channel retinal topography in light-adapted (LA) B6 mice as measured by MEMRI. Summary of modeling results of central (A) inferior and (B) superior retinal 1/T1 after manganese injection as a function of retinal depth for LA age-matched B6 (black, n = 6) and Cav1.2 L-type calcium channel BAY K 8644--insensitive mutant B6 mice (green, n = 5). Low-resolution MRI insert shows retina (black line) and the region studied (white line); a high-resolution image of the retina is shown in [Figure 1](#i1552-5783-59-7-2999-f01){ref-type="fig"}. Representative images from the far left and far right side of the OCT image of a Cav1.2 L-type calcium channel BAY K 8644--insensitive mutant B6 mouse are shown above profiles; these OCT data were collected early in the study and may not represent a superior--inferior orientation. This lack of orientation is not expected to introduce substantial alignment error because OCT thicknesses are relatively homogenous across quadrants in mice,^[@i1552-5783-59-7-2999-b112]^ and we find no differences in whole retinal thickness as measured on MRI between Cav1.2 L-type calcium channel BAY K 8644--insensitive mutant B6 mice (mean 216 μm \[95% confidence limits 211--222 μm\] versus wild-type mice thicknesses in [Fig. 6](#i1552-5783-59-7-2999-f06){ref-type="fig"}). Approximate location of two anatomic landmarks is indicated by dashed, vertical lines (i.e., anterior aspect of the outer plexiform layer \[left\] and retina/choroid border \[right\]). Range bar: retinal depth range with significant difference (P \< 0.05). Error bars: standard error of the mean.](i1552-5783-59-7-2999-f02){#i1552-5783-59-7-2999-f02}

Testing Whether d-*cis*-Diltiazem Modifies Rod Redox Environment {#s3b}
----------------------------------------------------------------

In this section, the method that has been validated to represent excessive production of reactive oxygen species is a 1/T1 that is significantly reduced with antioxidant injection compared with saline injection (i.e., a positive QUEST MRI response).^[@i1552-5783-59-7-2999-b41][@i1552-5783-59-7-2999-b42][@i1552-5783-59-7-2999-b43]--[@i1552-5783-59-7-2999-b44]^ Regions that show a significantly increased response to antioxidants are not considered to indicate excessive production of reactive oxygen species because this increased response has no theoretic or biophysical basis linking it with oxidative stress. For this reason, significant increases with antioxidant exposure are not indicated on the graphs for clarity.

D-*cis*-Diltiazem--Induced Oxidative Stress {#s3c}
-------------------------------------------

Dark-adapted B6 mice approximately 1-hour post d-*cis*-diltiazem showed a positive QUEST MRI response indicative of excessive production of reactive oxygen species in most of the outer inferior retina, but not in superior retina ([Fig. 3](#i1552-5783-59-7-2999-f03){ref-type="fig"}). By approximately 2 hours post, a positive response was observed, but only in a small region of inner inferior retina ([Fig. 4](#i1552-5783-59-7-2999-f04){ref-type="fig"}). By approximately 4 hours post, the entire outer retina of superior (but not inferior outer retina) showed evidence for a positive response ([Fig. 5](#i1552-5783-59-7-2999-f05){ref-type="fig"}).

![QUEST MRI measurements approximately 1-hour post d-cis-diltiazem in dark-adapted (DA) B6 mice. Modeling results of normalized 1/T1 MRI profiles in vivo for (A) inferior and (B) superior retina after administration of either saline (black, n = 7) or MB+ALA (green, n = 7) in different subgroups of mice. Other graphing conventions are described in the legend for [Figure 2](#i1552-5783-59-7-2999-f02){ref-type="fig"}. Representative images from inferior and superior retina from OCT images of approximately 4-hours post DA B6 mice are shown above the approximately 1-hour post profiles. The use of OCT images from a different time point is not expected to introduce substantial alignment error because no differences were found in retinal thickness as measured on MRI between any of the post d-cis-diltiazem groups. Each 1/T1 data set was normalized to its TR 150 ms image ("normalized 1/T1"), as detailed in the Materials and Methods section.](i1552-5783-59-7-2999-f03){#i1552-5783-59-7-2999-f03}

![QUEST MRI measurements approximately 2-hours post d-cis-diltiazem in DA B6 mice. Modeling results of normalized 1/T1 MRI profiles in vivo for (A) inferior and (B) superior retina after administration of either saline (black, n = 5) or MB+ALA (green, n = 5) in different subgroups of mice. Other graphing conventions are described in the legend for [Figures 2](#i1552-5783-59-7-2999-f02){ref-type="fig"} and [3](#i1552-5783-59-7-2999-f03){ref-type="fig"}. Representative images from inferior and superior retina from OCT images of approximately 4-hours post DA B6 mice are shown above the approximately 2-hours post profiles. The use of OCT images from a different time point is not expected to introduce substantial alignment error because no differences were found in retinal thickness as measured on MRI between any of the post d-cis-diltiazem groups.](i1552-5783-59-7-2999-f04){#i1552-5783-59-7-2999-f04}

![QUEST MRI and superoxide measurements approximately 4-hours post d-cis-diltiazem in DA B6 mice. Modeling results of normalized 1/T1 MRI profiles in vivo for (A) inferior and (B) superior retina after administration of either saline (black, n = 5) or MB+ALA (green, n = 7), in different subgroups of mice. Other graphing conventions are described in the legend for [Figures 2](#i1552-5783-59-7-2999-f02){ref-type="fig"} and [3](#i1552-5783-59-7-2999-f03){ref-type="fig"}. (C) Modeled superoxide production measured on the same day from excised whole retinas from B6 (n = 3) and 4-hours post d-cis-diltiazem in B6 mice (n = 3). Individual data points (= number of eyes examined; one eye per mouse) represent the replicate average for each mouse to illustrate animal-to-animal variation; error bars: 95% confidence intervals. Black bar = significant difference (P \< 0.05).](i1552-5783-59-7-2999-f05){#i1552-5783-59-7-2999-f05}

Because approximately 4 hours post had the largest spatial burden of oxidative stress (e.g., compare positive responses in [Figs. 3](#i1552-5783-59-7-2999-f03){ref-type="fig"}, [5](#i1552-5783-59-7-2999-f05){ref-type="fig"}), we focused on this time point for the rest of the studies. First, using a gold-standard lucigenin assay at approximately 4-hours post d-*cis*-diltiazem in dark-adapted B6 mice, a supernormal response was observed, consistent with the presence of oxidative stress in the total retina ([Fig. 5](#i1552-5783-59-7-2999-f05){ref-type="fig"}). Next, we asked if d-*cis*-diltiazem could induce a positive QUEST MRI response approximately 4-hours post d-*cis*-diltiazem injection if the mice were light- instead of dark-adapted. As shown in [Figure 6](#i1552-5783-59-7-2999-f06){ref-type="fig"}, no evidence for a positive response was noted in light-adapted d-*cis*-diltiazem--treated B6 mice; however, there are regions showing a supernormal response (*P* \< 0.05; not indicated on the graph). Because dark-adapted S6 mice were oxidative stress--resistant following a pharmacologic insult (sodium iodate^41^), we asked if these mice are also resistant to d*-cis*-diltiazem--evoked excessive production of reactive oxygen species. Indeed, approximately 4-hours post d-*cis*-diltiazem, dark-adapted S6 mice showed neither a positive QUEST response nor supernormal production of superoxide free radicals ([Fig. 7](#i1552-5783-59-7-2999-f07){ref-type="fig"}).

![QUEST MRI measurements approximately 4-hours post d-cis-diltiazem in LA B6 mice. Modeling results of normalized 1/T1 MRI profiles in vivo for (A) inferior and (B) superior retina after administration of either saline (black, n = 5) or MB+ALA (green, n = 4) in different subgroups of mice. Other graphing conventions are described in the legend for [Figures 2](#i1552-5783-59-7-2999-f02){ref-type="fig"} and [3](#i1552-5783-59-7-2999-f03){ref-type="fig"}. Representative images from inferior and superior retina from OCT images of approximately 4-hours post DA B6 mice are shown above the approximately 4-hour LA B6 profiles. The use of OCT images from a different light condition is not expected to introduce substantial alignment error because no differences were found in retinal thickness as measured on MRI between any of the post d-cis-diltiazem groups.](i1552-5783-59-7-2999-f06){#i1552-5783-59-7-2999-f06}

Retinal Thickness {#s3d}
-----------------

As shown in [Figure 8](#i1552-5783-59-7-2999-f08){ref-type="fig"}, no evidence for retinal thinning was found in any d-*cis*-diltiazem--treated group.

![QUEST MRI and superoxide measurements approximately 4-hours post d-cis-diltiazem in DA S6 mice. Modeling results of normalized 1/T1 MRI profiles in vivo for (A) inferior and (B) superior retina after administration of either saline (black, n = 5) or MB+ALA (green, n = 6) in different subgroups of mice. Other graphing conventions are described in the legend for [Figures 2](#i1552-5783-59-7-2999-f02){ref-type="fig"} and [3](#i1552-5783-59-7-2999-f03){ref-type="fig"}. Representative images from inferior and superior retina from OCT images of approximately 4-hours post DA B6 mice are shown above the S6 hour post profiles. The use of OCT images from a different time point is not expected to introduce substantial alignment error because no differences were found in retinal thickness as measured on MRI between any of the groups, also, no differences in retinal layer spacing was previously reported on OCT images of B6 and S6 mice.^[@i1552-5783-59-7-2999-b41]^ (C) Modeled superoxide production normalized to same day controls from excised whole retinas from S6 (n = 6) and 4-hours post d-cis-diltiazem in S6 mice (n = 5). Individual data points (= number of eyes examined; one eye per mouse) represent the replicate average for each mouse to illustrate animal-to-animal variation; error bars: 95% confidence intervals. Black bar = significant difference (P \< 0.05).](i1552-5783-59-7-2999-f07){#i1552-5783-59-7-2999-f07}

![Summary of averaged inferior and superior MRI retinal thickness as measured from d-cis-diltiazem--treated groups after saline injection. Individual data points (= number of eyes examined; one eye per mouse) represent the replicate average for each mouse to illustrate animal-to-animal variation; error bars: 95% confidence intervals.](i1552-5783-59-7-2999-f08){#i1552-5783-59-7-2999-f08}

Discussion {#s4}
==========

In this study, we address knowledge gaps about d-*cis*-diltiazem\'s interaction with normal murine rod cells in vivo to potentially improve our comprehension of decades of contradictory reports on its neuroprotective effects in RP models.^[@i1552-5783-59-7-2999-b06],[@i1552-5783-59-7-2999-b56],[@i1552-5783-59-7-2999-b57]^ Because calcium overload precedes photoreceptor degeneration, it is important to understand outer retinal calcium regulation via, for example, L-type calcium channels (a major influx pathway).^[@i1552-5783-59-7-2999-b58]^ D-*cis*-Diltiazem is a blocker of Cav1.2 L-type calcium channels.^[@i1552-5783-59-7-2999-b10],[@i1552-5783-59-7-2999-b56]^ However, there has been uncertainty about these channels in vivo in the healthy young murine outer retina based on differing findings in immunohistochemical, pharmacologic, and electrophysiologic transretinal maps of Cav1.2 L-type calcium channels.^[@i1552-5783-59-7-2999-b03],[@i1552-5783-59-7-2999-b06],[@i1552-5783-59-7-2999-b10],[@i1552-5783-59-7-2999-b23],[@i1552-5783-59-7-2999-b58][@i1552-5783-59-7-2999-b59]--[@i1552-5783-59-7-2999-b60]^ For example, antibodies for L-type calcium channel are problematic and produce different results for Cav1.2 channel expression in the inner retina of rodents.^[@i1552-5783-59-7-2999-b60][@i1552-5783-59-7-2999-b61]--[@i1552-5783-59-7-2999-b62]^ Also, no good immunostaining antibodies for Cav1.3 channels exist.^[@i1552-5783-59-7-2999-b61]^ Furthermore, several ex vivo investigations involving bovine, salamander, and porcine photoreceptors, or in mice that have retinas that degenerate (rd1 mice), find evidence that photoreceptors in the outer retina are responsive to d-*cis*-diltiazem and that synaptic photoreceptor L-type voltage-gated Ca2+ channels are a target for d-*cis*-diltiazem.^[@i1552-5783-59-7-2999-b07],[@i1552-5783-59-7-2999-b10],[@i1552-5783-59-7-2999-b16],[@i1552-5783-59-7-2999-b23],[@i1552-5783-59-7-2999-b24]^ In contrast, in 2- to 5-month B6 mice, the inner, but not outer, retina in vivo was reported to be responsive to systemic d-*cis*-diltiazem treatment.^[@i1552-5783-59-7-2999-b03]^ It has not been clear how to reconcile these ex vivo and in vivo data. This may be due to the age or strain of mice because d-*cis*-diltiazem has been found to reduce uptake of manganese in outer retina in older B6 mice, in Cav1.3 knockout mice, and in rats.^[@i1552-5783-59-7-2999-b03],[@i1552-5783-59-7-2999-b04],[@i1552-5783-59-7-2999-b25]^ However, in the present study, using a genetic approach, we unambiguously identify in vivo functional Cav1.2 L-type calcium channels in both inner and outer retina of 2- to 3-month male mice based on results obtained from a unique combination of in vivo imaging of L-type calcium channel function (MEMRI) and mice modified to be unresponsive to the dihydropyridine agonist BAY K 8644. Mouse retina contain approximately 97% rod photoreceptors making the contribution of cone uptake of manganese too small to substantially alter the interpretation of the results.^[@i1552-5783-59-7-2999-b63]^ One possible explanation for why d-*cis*-diltiazem was not reported to be effective in outer retina in young mice is that the outer retina contains nonconventional Cav1.2 L-type calcium channels.^[@i1552-5783-59-7-2999-b10],[@i1552-5783-59-7-2999-b23]^ Together, the above considerations support the presence of d*-cis*-diltiazem-insensitive Cav1.2 L-type calcium channels in 2- to 5-month male mouse outer retina. More work in this area is needed, including studies in female mice.

In the second part of this study, we provide evidence that d-*cis*-diltiazem evoked excessive production of reactive oxygen species in dark-adapted rod cells in vivo, an effect previously reported only (to our knowledge) in nonretinal tissue and cells.^[@i1552-5783-59-7-2999-b35][@i1552-5783-59-7-2999-b36][@i1552-5783-59-7-2999-b37][@i1552-5783-59-7-2999-b38][@i1552-5783-59-7-2999-b39]--[@i1552-5783-59-7-2999-b40]^ Importantly, we find a complex spatiotemporal picture that reflects the unique ability of QUEST MRI to noninvasively provide both high-spatial and high-temporal resolution (i.e., a "snapshot" in time) regarding excessive production of reactive oxygen species. We and others have confirmed the underlying physics behind QUEST MRI: a continuous net production of free radicals (i.e., oxidative stress) that generates a robust and detectable T1 contrast mechanism consistent with inherently paramagnetic free radicals shortening the lifetime (i.e., T1) of water protons, causing 1/T1 to increase linearly based on the concentration of the paramagnetic agent.^[@i1552-5783-59-7-2999-b42][@i1552-5783-59-7-2999-b43]--[@i1552-5783-59-7-2999-b44],[@i1552-5783-59-7-2999-b64][@i1552-5783-59-7-2999-b65]--[@i1552-5783-59-7-2999-b66]^ The underlying physics has been validated in the xanthine--xanthine oxidase reaction ex vivo and in several different models of neuronal oxidative stress.^[@i1552-5783-59-7-2999-b42][@i1552-5783-59-7-2999-b43]--[@i1552-5783-59-7-2999-b44],[@i1552-5783-59-7-2999-b64][@i1552-5783-59-7-2999-b65]--[@i1552-5783-59-7-2999-b66]^ For these reasons, our observation of oxidative stress in photoreceptors following d-*cis*-diltiazem based on QUEST MRI is reasonable.

In this study, a common lucigenin assay was used to quantitatively measure a snapshot of retinal free-radical production. A major source of free radicals are mitochondria, and approximately 75% of retinal mitochondria are in photoreceptor cells.^[@i1552-5783-59-7-2999-b67]^ It is not unreasonable to speculate that photoreceptors are implicated in the superoxide generation measured using the lucigenin assay of the retina, but confirming this requires further experiments. We considered testing the QUEST MRI results against conventional histologic markers of oxidative stress, such as 4-hydroxynonenal or 8-oxo-guanine. One problem with these histologic markers is that they are not a direct measure of free-radical production but rather only qualitatively visualize oxidative damage, a footprint of long-standing oxidative stress. In this study, d-*cis*-diltiazem is administered acutely with oxidative stress appearing transiently in different retinal regions and with normalization of indices by 24-hours post d-*cis*-diltiazem (preliminary data not shown). For these reasons, histologic endpoints of oxidative damage that result from prolonged oxidative stress were not used in this study.

The present results raise the possibility that different mechanisms underlie d-*cis*-diltiazem\'s temporally distinct excessive production of reactive oxygen species in inferior and superior retina. While not a focus of the present study, we speculate about two potential mechanisms by which d-*cis*-diltiazem can promote excessive production of reactive oxygen species. The first possible mechanism is based on the fact that diltiazem undergoes oxidative metabolism in the liver by cytochrome P450 enzymes, and cytochrome P450 can give rise to excessive production of reactive oxygen species.^[@i1552-5783-59-7-2999-b68],[@i1552-5783-59-7-2999-b69]^ New research has identified cytochrome P450 activity in photoreceptor and other retinal cells, and in the brain, raising the possibility of xenobiotic cytochrome P450-based excessive production of reactive oxygen species.^[@i1552-5783-59-7-2999-b69][@i1552-5783-59-7-2999-b70][@i1552-5783-59-7-2999-b71][@i1552-5783-59-7-2999-b72][@i1552-5783-59-7-2999-b73]--[@i1552-5783-59-7-2999-b74]^ It is not yet known if photoreceptors in inferior retina contain more cytochrome P450 activity than in superior retina, but this is a testable hypothesis for future studies. A second possible mechanism (not mutually exclusive with the cytochrome P450 hypothesis) may involve the ability of d-*cis*-diltiazem to modify dark-adapted photoreceptor cell calcium homeostasis, because cell calcium dysregulation can lead to oxidative stress.^[@i1552-5783-59-7-2999-b26],[@i1552-5783-59-7-2999-b56],[@i1552-5783-59-7-2999-b75],[@i1552-5783-59-7-2999-b76]^ Given the large role light plays in photoreceptor calcium regulation and lack of evidence that mammalian photoreceptor cytochrome P450 activity is light dependent, it is intriguing that excessive production of reactive oxygen species was not produced approximately 4-hours post d-*cis*-diltiazem in light-adapted B6 mice. An oxygen consumption rate measurement on retinal tissue punches is a potentially powerful method to interrogate the reserve capacity of photoreceptor mitochondria and may be considered in a potential follow-up study, but is not necessary to address the goals of this study.^[@i1552-5783-59-7-2999-b77]^ More work is needed in male and female mice to unravel the underlying mechanism of rod cell excessive production of reactive oxygen species in vivo.

In the present study, we noted that dark-adapted B6 and S6 male mice had different excessive production of reactive oxygen species responses to d-*cis*-diltiazem at approximately 4 hours post.^[@i1552-5783-59-7-2999-b41]^ This observation is consistent with previous studies that show that genetic differences between strains can generate distinct oxidative stress vulnerabilities due to differences in cytochrome P450 transcript levels and are known to modify photoreceptor oxidative stress defenses against various insults, such as sodium iodate.^[@i1552-5783-59-7-2999-b41],[@i1552-5783-59-7-2999-b78],[@i1552-5783-59-7-2999-b79]^ Further investigation is needed to investigate each possibility in more detail.

In this study, we observed substantial inferior--superior topographic variations in inner retinal Cav1.2 L-type calcium channel function and in outer retinal excessive production of reactive oxygen species pattern following d*-cis*-diltiazem. In a healthy retina, previous research has found a range of inferior--superior variations, such as (but not limited to) approximately 20% longer rod outer segments in superior versus inferior retina.^[@i1552-5783-59-7-2999-b80][@i1552-5783-59-7-2999-b81][@i1552-5783-59-7-2999-b82][@i1552-5783-59-7-2999-b83][@i1552-5783-59-7-2999-b84][@i1552-5783-59-7-2999-b85][@i1552-5783-59-7-2999-b86][@i1552-5783-59-7-2999-b87][@i1552-5783-59-7-2999-b88]--[@i1552-5783-59-7-2999-b89]^ Also, in some disease models, relatively more outer retinal abnormalities/degeneration have been reported in inferior retina than in superior retina, but in other models, the opposite pattern is found.^[@i1552-5783-59-7-2999-b90][@i1552-5783-59-7-2999-b91][@i1552-5783-59-7-2999-b92][@i1552-5783-59-7-2999-b93][@i1552-5783-59-7-2999-b94][@i1552-5783-59-7-2999-b95]--[@i1552-5783-59-7-2999-b96]^ Despite decades of research, it remains unclear exactly how hemiretinal differences develop and progress over time.^[@i1552-5783-59-7-2999-b83],[@i1552-5783-59-7-2999-b86],[@i1552-5783-59-7-2999-b97][@i1552-5783-59-7-2999-b98]--[@i1552-5783-59-7-2999-b99]^ Nonetheless, within presumably homogenous populations of neurons there is considerable within-class heterogeneity.^[@i1552-5783-59-7-2999-b100]^ The present results, and a recent report suggesting region-specific oxidative stress susceptibilities in humans,^[@i1552-5783-59-7-2999-b101]^ support this notion with evidence of an inferior-to-superior gradient of rod cell functionality and susceptibility to oxidative stress. In the context of RP, a spatial oxidative stress vulnerability gradient in outer retina may be important given the observation in an RP model that cones tend to survive better in the inferior retina compared with superior retina.^[@i1552-5783-59-7-2999-b93]^ More work is needed to further explore this notion.

Improving antioxidant treatment efficacy against outer retinal degenerative disease is expected to require identifying individuals who are most susceptible to excessive production of reactive oxygen species. In experimental studies, a toxic oxidizing agent is usually given to test retinal oxidative stress tolerance before photoreceptor atrophy.^[@i1552-5783-59-7-2999-b41],[@i1552-5783-59-7-2999-b78],[@i1552-5783-59-7-2999-b102][@i1552-5783-59-7-2999-b103]--[@i1552-5783-59-7-2999-b104]^ For example, sodium iodate produces more outer retinal loss and excessive production of reactive oxygen species in B6 mice than in S6 mice.^[@i1552-5783-59-7-2999-b41]^ Measuring an evoked retinal oxidative stress response in patients may be useful for future personalization of antioxidant treatment efficacy as long as the evoked response is nontoxic. Because d-*cis*-diltiazem is FDA approved and commonly used clinically, the present results raise the possibility that d-*cis*-diltiazem might be useful for testing individuals for oxidative stress susceptibility without producing retinal damage and for evaluating the efficacy of new antioxidant treatments. These tests could take advantage of QUEST MRI\'s measurement of excessive production of reactive oxygen species without a contrast agent, giving it strong translational potential.

In summary, the present results raise the possibility that d*-cis*-diltiazem--induced outer retinal oxidative stress may be a confounding factor in the context of the controversial results following d-*cis*-diltiazem treatment for RP. Because oxidative stress is a trigger of photoreceptor atrophy, it can also act as a prosurvival preconditioning, and therefore this potentially confounding response deserves more attention than it has received thus far.^[@i1552-5783-59-7-2999-b91],[@i1552-5783-59-7-2999-b105][@i1552-5783-59-7-2999-b106][@i1552-5783-59-7-2999-b107][@i1552-5783-59-7-2999-b108]--[@i1552-5783-59-7-2999-b109]^
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